Abstract -Synthetic concepts for triafulvenes and nonafulvenes are discussed, and a new synthesis of fulvalenes consisting in an oxidative coupling of (4n+2)r anions by Ag+ or Cu2+ is outlined. This sequence has allowed the synthesis of parent pentafulvalene 10, nonapentafulvalene 14, and nonafulvalene 12. NMR investigations of pentafulvenes 2 show that systematic substituent effects that influence bond lengths are observed in terms of changes of vicinal H,H coupling constants, so that the extent of Tr-delocalisation in the five membered ring may be estimated. On the other hand, changes in charge density are available from changes in -3c chemical shifts, provided that steric effects are small. NMR approaches for explaining the surprisingly different spectroscopic behaviour of nonafulvenes 4k and 4a are presented.
INTRODUCTION
Fulvenes and fulvalenes have intrigued experimental and theoretical chemists for more than four decades. During this time, several fundamental questions concerning these moleculessuch as typical reactivity, general spectroscopic properties, and aromaticity -have been roughly answered (ref. 1) . However, more detailed information about these fascinating molecules was not available because some of the most important parent systems (urgently needed as reference compounds for spectroscopic purposes) were missing even up to a few years ago. In this contribution some general synthetic concepts for parent fulvenes and fulvalenes will be discussed, and a NMR investigation revealing systematic substituent effects will be presented.
Scheme 1 
Lóö
Fulvenes are cyclic cross conjugated molecules with an odd number of C atoms in the ring.
According to the size of the ring skeleton they are named triafulvenes 1, pentafulvenes 2, heptafulvenes 3 and nonafulvenes 4. Spectroscopic investigations show that most of the parent compounds of this family are characterised by the lack of a diamagnetic ring current, strongly alternating bond lengths and a comparably low dipole moment. For instance, the chemical shifts of the ring protons of pentafulvene 2 (ref. (refs. 9, 10) . Because of these facts most fulvenes have to be classified as typical non-aromatic compounds with rather olefinic properties. In fact, thermal stability of the parent systems is extremely low. While triafulvene (refs. 9, 10) 56 M.NEUENSCHWANDER and heptafulvene (ref. 4) polymerise very easily at -20°, pentafulvene undergoes an easy Diels-Alder dimerisation reaction (ref. 11) , while the stability of nonafulvene is dramatically reduced by its easy valence isomerisation to dihydro-benzofulvene (ref. 6 ) . Fortunately, these unstable parent compounds are stabilised by introduction of appropriate substituents at the exocyclic C-atom, namely 1 and 3 by electron-accepting groups, while 2 and 4 are stabilised by electron-donating groups. A qualitative rule states that fulvenes are electronically stabilised by substituents favouring Tr-delocalisation in the ring.
Fulvalenes are cyclic cross conjugated molecules with two fully conjugated rings which are connected by a central double bond. If all combinations between three to nine membered rings are considered, then fulvalenes with two identical rings (9) (10) (11) (12) , fulvalenes with rings of similar electron demand (13, 14) and fulvalenes with rings of inverse electron demand (15) (16) (17) (18) may be distinguished. Of all the parent systems 9-18 so far only heptafulvalene 11 (ref. 12) and heptapentafulvalene 17 (ref. 13 ) have been isolated and characterised. The UV spectra of very dilute solutions (103M) of pentafulvalene 10 (ref. 14) have been recorded and a proton NMR signal at 6.47 ppm (d8-THF, _600) has been mentioned (ref. 15) . All the other parent systems have been unknown so far, although some highly substituted and/or electronically stabiused fulvalenes of types 10-18 have been prepared. (For some leading references see refs. [16] [17] [18] [19] [20] .
SYNTHESIS OF FULVENES AND FULVALENES

General remarks
There exist a considerable number of fulvene syntheses. In most cases the corresponding HOckel-type cations and anions are applied (Scheme 1). Obviously, in principle similar sequences may be applied for triafulvenes 1 and heptafulvenes 3 starting with cations 5 and 7. However, since hydride abstraction from the intermediary cyclopropenes and cycloheptatrienes is not easy, alternative pathways start with substituted cyclopropenylium as well as tropylium-salts bearing potential leaving groups. -On the other hand, successful procedures for pentafulvenes (6-#2) have a good chance for nonafulvenes as well .
The general scheme consisting in reactions of cyclic cations 5 and 7 with cyclic anions 6 and 8 seems to be very attractive for fulvalenes 15-18 with rings of inverse electron demand. It has been successfully applied for highly substituted fulvalenes (refs. 16-20) With respect to the highly strained triafulvene 1, several synthetic concepts may be envisaged. From what has been said before, it is not surprising that the most straightforward plan -reaction of cyclopropenylium salts with methyllithium, followed by hydride abstractionhas not been realised so far. However, substituted cyclopropenylium salts of type 19 (R'-, R2 = alkyl or phenyl) bearing a potential leaving group X are easily prepared by acylation or alkylation of substituted cyclopropenones. In fact, the first synthesis of stabilised triafulvenes (ref. 22 ) used a substituted cyclopropenone as starting material which was reacted with an acidic methylene compound (e.g. malodinitrile) in the presence of acetic anhydride. However, the sequence failed for triafulvene 1 because methyllithium attacked precursors 19 at the least hindered position so that the potential leaving group irreversibly ended up in vinylic position (ref. 23 ). 21 Some years ago, we showed trifunctional cyclopropanes to be attractive precursors of triafulvene: metalation by means of a halogen-lithium exchange gives the carbenoid 20 which is methylated at -80°. Subsequent elimination of the leaving groups X (to give intermediate 21 with Y = 5C6H5) and Y gives triafulvene 1 which has been trapped as cycloaddition product 22
Very recently direct spectroscopic evidence for the parent system 1 has been obtained by Billups (ref. 9) 
Synthesis of new nonafulvenes (ref. 34).
Seeking an explanation for the surprisingly different spectroscopic behaviour of nonafulvenes 4a and 4k (cf. later), we attempted the realisation of a synthetic link between the two compounds by preparing a series of nonafulvenes of increasing electron-donating capacity. However, it turned out that nonafulvenes 4 are not as easily prepared as pentafulvenes 2. One serious problem arises from the easy valence isomerisation of both cyclononatetraenes 25 and nonafulvenes 4 which affords reaction temperatures below -20°. Furthermore CNT 8 is less nucleophilic than cyclopentadienide 6. Fortunately with anions 8 and 24 two nucleophiles are available, of which ccct-CNT 24 turns out to be more nucleophilic than 8. However, different reaction products have to be expected depending on the site of attack of the electrophile (ref. 35); and only electrophilic attack at C(l) of 24 gives the desired all-cis-cyclononatetraenes 25. Unfortunately, preparative problems are dramatically increased by the low acidity of cyclononatetraenes 25. Combined with steric shielding of C(l), deprotonation of cyclononatetraenes 25 is very troublesome. Finally, 1,5 proton shifts do not help as they are too slow at -20°. Reaction of cyclononatetraenides with electronically stabilised carbenium ions -as applied by Hafner and Tappe (ref. 31) -seems to be a simple and straightforward synthetic route for nonafulvenes. It has to be mentioned, however, that sterically hindered as well as electronically stabilised carbenium ions 29 need ccct-CNTwhich predominantly reacts with C(l). Furthermore, if carbenium ions bearing strongly electron releasing substituents are applied, nonafulvenes 4 are formed in a simple one-pot procedure (although deprotonation of cyclononatetraenes 25 is not easy). In such cases, the sequence 25i-30i---+4i is the most reasonable pathway; an intermediary of type 30 has been isolated (ref. 38).
Synthesis of fulvalenes by oxidative coupling of (4n + 2) rr-anions
In the course of our nonafulvene experiments, we accidentally discovered that oxidative coupling of cyclononatetraenide with AgBF4 gave dihydro-nonafulvalene 31 in a nearly quantitative yield (ref. So far, our accidentally-discovered coupling reaction has allowed a considerable improvement of the yield of dihydro-nonafulvalene 31. However, as formulated for 10, the sequence 6-.32 -35--l0 could be developed into a very general and attractive synthesis of fulvalenesthe most attractive targets being the so far nearly unknown pentafulvalene 10 and the unknown The structure of pentafulvalene 10 follows fron spectroscopic evidence. The DV spectrum of 10 is very similar to that of 6-vinyl-pentafulvenes. Compared to 40, the intense absorption near 300 nm shows more vibrational fine structure and is slightly shifted to shorter wavelengths (with maxima at 277, 287, 299 and 313 nm). On the other hand, the broad band of low intensity undergoes a bathochromic shift from 386 (40) to 420 nm (10) According to Scheme 9, nonafulvalene 12 should be easily accessible by our method. However, one has to bear in mind that deprotonation of sterically hindered cyclononatetraenes is extremely difficult. With several strong bases only 1 proton of 31 is removed so that oxidative coupling of two mono-anions gives tetrameric products. Fortunately a deprotonation/protonation equilibrium is obtained with potassium-t-butoxide so that sp3-atoms are shifted to the periphery of the rings. Following this, potassium-t-butoxide/LDA is strong enough for twofold deprotonation to take place giving the dianion 43. Oxidative coupling proceeds very easily in the presence of Ag+ (even at 750) to yield nonafulvalene 12 (ref. 4).
Compared to fulvalenes 10, 14 and 17, nonafulvalene 12 is the most unstable parent system. Even at .5Q0 valence isomerisation proceeds very easily to give a mixture of 4 diastereomeric tetrahydro-dibenzopentafulvalenes. Because of this fast process, direct spectroscopic evidence for 12 is so far incomplete, whereas the structure of E-anti-isomer 44 has been proved by both spectroscopic methods and an X-ray analysis.
NMR SPECTROSCOPIC INVESTIGATION OF FULVENES AND FULVALENES
According to spectroscopic investigations most parent fulvenes and fulvalenes are non-aromatic compounds with strongly alternating bond lengths, a low dipole moment, and no significant diamagnetic ring current. This is shown by the microwave spectra of pentafulvene 2 (ref. Obviously, the experimental fulvene chemist would be glad to have at his disposal a simple criterion which would allow him to estimate the extent of ir-delocalisation or aromaticity. This is especially true for the parent fulvenes and fulvalenes that are much too unstable for X-ray investigation. Although the NMR spectra of a series of fulvenes and fulvalenes have been discussed (refs. 2, 49) only very qualitative conclusions with respect to Tr-delocalisation and charge density distribution have been drawn.
Because the planar v-system of pentafulvenes is very attractive for the investigation of electronic substituent effects in cross-conjugated molecules, we decided to look at the high-field proton and -3C NMR spectra of two classes of pentafulvenes. In fulvenes 2A the substituent X is separated from the fulvene ring by a phenyl ring as spacer so that steric effects of substituents X should be small. In pentafulvenes 2B bearing substituents directly at C(6) steric effects can be reduced by bridging the exocyclic substituents in a five membered ring. The long term objective was an evaluation of the extent of v-delocalisation in parent pentafulvalenes 10, 14, 15 and 17 as well as the investigation of non-planar nonafulvenes 4. In fact 1-3C chemical shifts of p-X-phenyl-pentafulvenes 2A are systematically influenced by substituents X, and plots of g+ versus 1-3C chemical shifts give linear correlations for C(l) to C(6) (ref. 50). As expected, electron releasing substituents X induce a high-field shift of the ring C-atoms which strongly decreases in the series C(S) >C(2)/C(3) >C(l)/C(4). For C(l) and C(4) the changes are within experimental error. The only surprising feature is the linear low-field shift of C(6), which is reasonably explained if the twist angle between the two rings is influenced by the substituent X.
Similar behaviour is observed for 6,6-disubstituted pentafulvenes 2B and 2C (Fig. 2) . Electron-donating substituents X induce a high-field shift which decreases from C(S) to C (2) These results show that systematic substituent effects influencing bond lengths may be ohserved in terms of relative changes of vicinal coupling constants, provided that steric effects are small. This means that in these systems the extent of -delocalisation is accessible via vicinal coupling constants.
A serious test for this type of correlation (Fig. 3) could be provided by systems where only small changes in charge density and ir-delocalisation may be expected. This situation is typical for the parent pentafulvalenes 10, 14 and 17 prepared by our group. ; but there seems to be a small but systematic difference between both slopes of at about 0.1 Hz. Obviously, the difference between vicinal H,H coupling constants J12 and J2,3 is most pronounced for parent pentafulvalene 10, and it slightly decreases from 10 to 14 and 17. That means that -delocalisation is very small for parent pentafulvalene 10, and it slightly increases from pentafulvalene 10 to nonapentafulvalene 14 and heptapentafulvalene 17. While 10 is definitely more localised than 6,6-dimethyl-pentafulvene, 17 is somewhat more delocalised.
Instead of the still unknown calicene, we entered the coupling constants of the electronically only weakly disturbed 5 Diagrams like Fig. 4 are very useful for estimating the extent of delocalisation (or aromaticity) of molecules located between fully delocalised compounds such as 45 (aromaticity of 100 %) and pentafulvalene 10 (aromaticity of 0 %). According to that scale, heptapentafulvalene 17 has only 12 % aromatic character, while 5,6-di-t-butylthio-calicene has an aromaticity of about 40 %.
NMR spectra of nonafulvenes
After synthesising the first non-annelated nonafulvene (ref. 31), Hafner and Tappe discovered that 10,10-his (dimethylamino)nonafulvene 4k displayed a rather spectacular NMR-spectroscopic behaviour: while the signals of ring protons of 4k were centered in the olefinic range at ambient temperature and/or in unpolar solvents, they experienced a pronounced low-field shift in polar solvents or at low temperature. In order to explain these results, Hafner proposed an equilibrium between the planar nonafulvene 4k (responsible for the low-field signals) and However, the UV and NMR spectra of the electronically undisturbed parent system 4a are neither affected by solvents nor temperature and are compatible with a non-planar all-cis configurated ring system (ref. 6 ) . Due to the fact that pairs of ring protons and ring C-atoms are equivalent at _1000, a relatively fast process consisting of a switch of the exocyclic double bond has been proposed, by which two enantiomeric conformers equilibrate.
In order to explain the surprisingly different spectroscopic behaviour of nonafulvenes 4a and 4k, '-H and l3C NMR spectra of nonafulvenes 4a -4k, H (1) H (3) H (4) H (6) H (2) H ( The NMR analysis of 4. shows that olefinic 3J couplings are large for cis-couplings, while couplings over formal single bonds are very small this indicates that the nine membered ring of 4 is not planar. Furthermore, J6,7 is nearly twice as large as J2,3 and J4,5. Bearing in mind the well known Karplus equation, the conclusion is that the dihedral angle between protons H(6) and H (7) is small compared with dihedral angles of protons H(2) and H(3) or H(4) and H(5). Examination of Dreiding molecular models shows that this is the case if the fulvene contains a nearly planar E-configurated dienamine unit consisting of atoms N-C(l0)-C(9)-C(8)-C(7). As a consequence, the C(6)-C(7) bond shows a medium deviation out of the plane of the dienamine unit while double bonds C(l)=C (2) 7). Furthermore, considerable high field shifts are observed in the l3C NMR for C(9) >C (7) >C (5). Lowering the temperature of CD2C12 solutions of nonafulvene 4k has a dramatic effect on coupling constants over formal single bonds which approach couplings over formal double bonds at _9Q0 (Fig. 6, left section) . This is best explained by a substantial ring flattening due to an increase in Tr-delocalisation. Furthermore, a decrease in temperature results in a lowfield shift of all the ring protons of 4k which is most pronounced for H(2) and H(7) (Fig. 6 , medium section). This behaviour agrees with an increasing ring current which is counterbalanced to some extent by the opposite charge density effect. Finally, an increasing negative excess charge of the ring C-atoms is expected to induce a considerable high-field shift of ring C-atoms, which is, in fact, observed for C-atoms C(l) -C(8) (Fig. 6, right section) .
The effect is most pronounced for C(l)/C(8) and C(3)/C(6), it decreases in the series C(4)/C(5) and C(2)/C(7), and it is counterbalanced by another (probably steric) effect for C (9) . Summarising, the observed behaviour of 4k is best explained by Boche's proposition (ref. 58) which assumes an equilibrium between the non-planar nonafulvene 4k existing at high temperature and in unpolar solvents and the dipolar amidinium-cyclononatetraenide 4k±.
Looking at all the nonafulvenes prepared so far, three classes of nonafulvenes may be distinguished: type A nonafulvenes bearing substituents of comparably low electron releasing capacity exist in the nonpianar nonafulvene form. Activation energy for rotation around the exocyclic double bond is high, and solvent as well as temperature effects (mainly influencing 
